We have developed ah ighly active nanostructured iridium catalyst for anodes of proton exchange membrane (PEM) electrolysis.C lusters of nanosized crystallites are obtained by reducing surfactant-stabilized IrCl 3 in water-free conditions.T he catalyst shows af ive-fold higher activity towards oxygen evolution reaction (OER) than commercial Ir-black. The improved kinetics of the catalyst are reflected in the high performance of the PEM electrolyzer (1 mg Ir cm À2 ), showing an unparalleled low overpotential and negligible degradation. Our results demonstrate that this enhancement cannot be only attributed to increased surface area, but rather to the ligand effect and low coordinate sites resulting in ahigh turnover frequency (TOF). The catalyst developed herein sets ab enchmark and as trategy for the development of ultra-low loading catalyst layers for PEM electrolysis.
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Thetotalglobalhydrogenproductionvalueisgreaterthan30
million tons and governed mainly by the demand of the ammonia manufacturing and petrochemical industries. [1] On al ess prominent scale,b ut with increasing interest, other industries have recognized the value of hydrogen as an energy carrier,aswell as one of the main educts to synthesize liquid fuels,f or example,b yc atalytic hydrogenation of CO 2 . [2, 3] However,a round 90 %o ft he global hydrogen production is generated by reforming hydrocarbons,w hich is associated with as ignificant carbon footprint. [4] Thed ilemma facing industry and research is that current hydrogen-producing technologies with zero carbon footprints generally have alow production value,u nsatisfying efficiencies,h igh maintenance needs,orare simply too expensive to compete with the state of the art technologies. [5, 6] Water electrolysis represents one of numerous environmentally friendly,b ut at present economically unattractive, technologies.Atlow temperatures,this process can take place in various electrochemical devices and chemical environments,among which alkaline and proton exchange membrane electrolyzers have proved to be interesting for future high volume hydrogen production. While alkaline electrolyzers are advantageous with respect to their longevity and costs,t he lack in gas purity,s afety,a nd response time has pushed the research and industrial interests towards proton exchange membrane (PEM) electrolysis in the recent years. [7, 8] Forwater splitting in PEM electrolyzers,the choice of the oxygen evolution reaction (OER) catalyst employed at the anode has ap rofound impact on the cost, lifetime,a nd efficiency of the device.Iridium is commonly used as aOER catalyst, but is highly priced ($546 per troy ounce) [9] and one of the rarest elements in the earth crust, with an annual production and consumption value of only about 4t o9 tons. [10] [11] [12] Several approaches have been proposed to overcome the challenges associated with the precious metal OER catalyst such as reducing the particle size,thereby increasing the surface to mass ratio, [13] using electro-ceramic supports, [14, 15] or enhancing the phase structure. [16] These characteristics can be modified through different approaches,while adirect modification during synthesis without post-treatment represents an attractive way to reduce production costs influencing the commercialization of future catalysts. Recently,T ran et al. proposed away for reducing the iridium content by doping oxide films with silicon, rendering av ery high TOFfor OER. [17] One of the major reasons for the slow progress in finding improved catalysts for OER electrocatalysis is that the selection of these materials has been guided mainly by theoretical-based approaches such as ab-initio density functional theory (DFT) calculations. [18, 19] This seems to become ac ritical issue in electrochemistry, [20] and while theoretical approaches are an important and powerful tool, synthesis steps with atrial and error route are indispensable to achieve better catalysts for industrial PEM electrolyzers.Nonetheless, ap urely theoretical approach will enhance the catalyst development in atimely manner.
Thesystem Ir x Ru 1Àx O 2 (0 x 1) has been considered the most advanced catalyst for OER for more than four decades. [7] Marshall et al. developed an extensive variety of metal mixed oxides (MOX) with the purpose of reducing the loading of Ir and improving stability of Ru. [21] Earlier,t he pioneering works of Tr asatti and co-workers explored these materials for manufacturing dimensional stable anodes (DSA). [22] However,thermal treatment is required to produce ad ense layer of the active material on titanium substrates. Conversely,n anosized Ru [23] and Ir [24, 25] have been recently explored, revealing mass activities far greater than the oxide counterparts.
Thep rimary goal of this communication is to reveal the physical and electrochemical properties of an OER catalyst synthetized by asimple and efficient method, and comparing it with Ir-black. We have deliberately chosen Ir-black as the benchmark catalyst as it has as imilar structure and surface properties to our material. This work also aims to understand the reasons for the superior activity of the developed material, fostering further research into the OER mechanism on electrochemically oxidized iridium catalysts with ametallic core and large surface area.
Thec atalyst, with an iridium oxide surface and metallic iridium base (IrO x -Ir) was synthesized by reducing surfactantstabilized IrCl 3 in anhydrous ethanol at room temperature. Details of the synthesis procedure are given in the Supporting Information. X-ray photoelectron spectroscopy (XPS) studies of IrO x -Ir and Ir-black show that both contain similar amounts (ca. 85 at %) of metallic iridium after removal of surface contaminations by sputtering (Figure 1a,c) . However, the surface compositions are different. Figure 1b and dshow the concentration profiles of the individual components identified in the samples.E vidently,t he surface of the IrO xIr sample exhibits carbon and chlorine contamination, as well as an increased concentration of oxygen. These contaminants are most probably due to unreduced IrCl 3 ,w hich has been observed by X-ray diffraction (XRD;F igure 1e), while Irblack (Figure 1f) ispristine.Itwas not possible to completely remove the contaminant, even after the cleaning procedure. Less than 3wt% of Cl is still present even after electrochemical characterization, as confirmed by energy dispersive X-ray (EDX) analysis performed on the catalyst layer (Supporting Information, Table S3 ). Thet races of IrCl 3 could lead to Cl 2 evolution, which would be detrimental for the coated interconnectors of the PEM electrolyzer. Further characterization, with techniques such as differential electrochemical mass spectrometry (DEMS), is required to find out how much Cl 2 is evolved during OER over time.
Carbon impurities in IrO x -Ir could be identified as surfactant residuals by analyzing the washing solution following purification. Theoxide species were determined by fitting the first level spectrum (0 s; Figure 1a ,c) using the metallic reference and as ynthetic doublet of symmetric peaks with 3eVs eparation and af ixed height and width ratio.T he outcome of this fit is an oxide species with the Ir4f 7/2 level located at 62.2 eV,which has been used to fit the Ir4fspectra of all other sputtering levels of the XPS depth profile. Applying this method, both samples showed an increased concentration of oxygen (ca. 30-40 %) that rapidly decreases upon sputtering. However,noiridium oxide could be detected on the surface of the Ir-black sample.
Tr ansmission electron microscopy (TEM) pictures (Figure 2a,b) show agglomerated and randomly oriented IrO x -Ir particles and Ir-black sheet-like agglomerates,r espectively. Thecrystallite size of IrO x -Ir was measured to be in the range of approximately 2nm, while Ir-black consists of much larger particles ranging from 100 to 500 nm. These results are in good agreement with the Rietveld refined analysis carried out from the XRD measurements (Supporting Information).
High-resolution TEM pictures show for both catalysts al attice plane distance of 2.23 , in agreement with the ( Figure 2c,d ). Electron energy loss spectroscopy (EELS) investigations were performed to gain more information about the structure.T he EELS studies of the IrO x -Ir particles solely delivered Ir.The electron loss near-edge structure enables the separation of IrO,with afirst peak position at roughly 51.5 eV and as houlder at 56.5 eV,a nd the IrN 6,7 -edges,w ith ap eak position at 62 eV and 65 eV for the N 7 and N 6 transitions, respectively.T he significant differences in the peak height and peak shapes for IrO x -Ir and Ir-black indicate achange in the electronic environment of Ir, such as the valence state, coordination, bonding,a nd crystal distortion.
When starting our electrochemical characterization, we found it necessary to address whether our catalyst should be iridium oxide because XPS revealed it to have an oxide layer. To determine this,w ei nvestigated the adsorption of carbon monoxide in aC O-stripping experiment ( Figure S7 ). Although CO-stripping is apowerful technique for measuring the electrochemical surface area of Pt-based PEM fuel cell catalysts, [26, 27] it is misleading for determining this parameter for OER catalysts because the chemisorption properties are different depending on the degree of oxidation. [ 28] In comparison to arecent report on IrO 2 nanoparticles, [29] IrO xIr is 6Ag À1 higher. Initially,t his enhancement may be explained by the smaller crystallite size,a nd thus higher Brunauer-Emmett-Teller (BET) surface area of IrO x -Ir (59 m 2 g À1 )c ompared to Ir-black (18 m 2 g À1 ). Furthermore, from atomic force (AFM) analysis on the catalyst layer deposited on the RDE, the mean particle size in the electrode is about ten-times smaller for IrO x -Ir than for Ir-black. However,o ther factors,s uch as the oxidation mechanism of iridium and TOF, are ac entral part of the OER path. [30, 31] We evaluated the TOFt og ain more information about the intrinsic properties and ensure that the higher activities can be correlated with the actual OER. [32, 33] This parameter was determined from the redox surface sites Ir III /Ir IV (Figure S10) . Figure 3b shows the TOFm easurements of IrO x -Ir and Ir-black with respect to the overpotential obtained from the redox surface sites.T he high TOFofIrO x -Ir accounts for the relatively low number of active sites and high specific activity. [13] Thek inetic properties of the catalysts were evaluated by extrapolating Tafel curves to the thermodynamic reversible potential. Ther esulting exchange current densities were investigated and depicted in Figure 3c .Itisimportant to note that the linear fit of the exchange current density of IrO x -Ir has alower slope over measured temperature than the one of Ir-black, corresponding to al ower activation energy.T he calculated activation energy for IrO x -Ir and Ir-black is 40 kJ mol À1 and 52 kJ mol À1 ,r espectively.B oth values are consistent with other reports. [34] [35] [36] Based on the activation energies,the transfer coefficient (a)values were calculated to evaluate the rate-determining steps according to Krasilshchikov. [37] Thef ollowing equations (1-4) represent the possible determining steps,w here Sc orresponds to the active site of the catalytic metal. Figure 3d shows the a values for both catalysts.The Tafel slopes were also determined to be between 43.7-44.7 mV dec À1 ,i ndicating ar ate-determining step according to Equation (3) for overpotentials between 250 to 300 mV. [37] Thes lope equation of 2.303 (2RT/3F) could also fit for the second electron transfer of the electrochemical path described by Bockris. [38] Va lues above the theoretical value can be explained by the compactness of the layer. [34] Based on Pourbaix diagrams of iridium in awater system, the metal must be oxidized in acid media. This can be supported by the appearance of anodic peaks observed between 0.6 and 1.0 Vi nt he surface oxidation with the opening window cyclic voltammogram (CV; Figure S11 ). Furthermore,t he measured Tafel slope is ac ommon value for iridium-based catalysts.W ep erformed XPS measurements on the catalyst layer after electrochemical measurements,and we found out that our working electrode is aform of metal oxide rather than metal after water oxidation ( Figure S3 ). However,t he mixed valence and metallic core are still present. Ther eal nature of the catalyst during water oxidation can only be elucidated with advanced in-operando techniques,s uch as ambient pressure XPS or extended X-ray absorption fine structure (EXAFS), which go beyond the scope of this communication.
Membrane electrode assemblies (MEA) with Ir-black and IrO x -Ir were produced by wet spraying to investigate the catalyst performance in aP EM electrolyzer.F igure 4s hows the performance of both catalysts in a2 5cm
2 PEM electrolysis cell. Clearly,ashift to the lower potential range can be observed for IrO x -Ir, and consequently an improvement in efficiency. The inset in Figure 4d epicts the Nyquist plots of electrochemical impedance spectroscopy (EIS) for Ir-black and IrO x -Ir.Areduction of the central semi-cycle, related to the anode charge transfer process,c onfirmed the improved catalytic activity of IrO x -Ir. Stability tests (Supporting Information) showed negligible degradation after 100 ho f operation under nominal conditions (2 Acm À2 ,8 08 8C). However,f or practical applications,l ong-term durability tests of more than 1000 ha re required to determine the longevity of Ir-IrO x .D espite having ah ighly active anode,t he performance of Ir-IrO x in the PEM electrolyzer does not yet match À2 IrO x -Ir and 1mgcm À2 Pt/C on Nafion 212. The inset shows the EIS at 0.2 Acm À2 with af requency range of 100 kHz-50 mHz at 80 8 8C.
Angewandte
Chemie the state-of-the art. [39] Optimizing the MEA manufacturing process,c ell components,a nd measuring system, as well as long-term stability tests are all part of our on-going work.
In this communication, we presented af acile synthesis method of airidium catalyst with aelectrochemically oxidized surface on ametallic core for electrochemical water splitting. Theprocedure is environmentally friendly,cost effective,and scalable for large production. Our material shows higher activity than commercially available Ir-black. We demonstrated that this superior activity can be attributed to the higher intrinsic exchange current densities,while the effect of an increased surface area is less predominant and double layer capacitance is moderate.F urther strategies for understanding the character of the IrO x -Ir catalyst are needed. In this context, we encourage further interest from the scientific community on electrochemically-oxidized OER catalysts with metallic cores,w hich could reduce the cost of PEM electrolysis technology for as ustainable hydrogen economy.
